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OBJECTIVE 

The objective of this program i s  refinement and economic optimiza- 
tion of techniques for fabrication of thick integral coverslips for silicon solar 
cells. An a pr ior i  assumption i s  that integral coverslip cel ls  must  show a def- 
inite superiority over conventional glued cover slip cells. The consequences of 
this a s  sumption provide natural guidelines for selection of candidate cover slip 
mater ia l s ,  possible fabrication techniques and environmental t e s t  end points. 
Specifically, a l l  coverslip mater ia l s  that a r e  known to significantly degrade 
under ultraviolet, proton o r  electron irradiation must  be categorically excluded 
from consideration. Similarly, a l l  fabrication techniques that a r e  inherently 
deleterious to the cell  s t ructure itself must  be rejected. Finally, the environ- 
mental and radiation t e s t  end points must  be a t  least  a s  severe a s  those encount- 
e red  with glued coverslip cells. F o r  ease  in comparison, final testing i s  to be 
done on cel ls  with 6 m i l  integral coverslips.  
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SECTION 1 

INTRODUCTION 

This repor t  cove r s  two qua r t e r l y  report ing periods.  During the  
f i r s t  period,  the  level  of effort  on the  p r o g r a m  was  reduced and no separa te  
repor t  was  i s sued  for  that  period. 

High vacuum sputtering of in tegral  cover  s l ips  has  continued in the  
new enlarged sputtering sy s t em shown in the  Four th  Quar te r ly  Report .  During 
th is  period,  the  sy s t em was  automated to  allow continuous running without a n  
operator .  Troubleshooting of the new sys t em resul ted in excess ive  downtime 
during init ial  running that  i s  not anticipated to  re-occur .  The cover  slipping 
r e su l t s  a r e  descr ibed  in deta i l  in Section 2. The contamination that  occu r r ed  
degraded the  ce l l s  significantly and did not justify increas ing the  covers l ip  
th ickness  beyond 2 m i l s  when the  ce l l s  w e r e  removed for  tes t .  

Equipment i s  being modified for  rf and r f -dc  react ive  sputtering. 
Sat is factory operation of the  rf  equipment has  not been achieved and a s  a resu l t  
a n  evaluation of commerc ia l ly  -available equipment ha s  been conducted. 

While equipment p rob lems  have delayed the  fabr icat ion of thick 
in tegral  covers l ips ,  work has  continued on tes t ing and evaluation of covers l ip-  
ped cel ls .  Only S i02  was  considered in  th i s  work. Two of the  m a j o r  p rob lems  
a r e  f i lm s t r e s s  and f i lm quality. 

The s t r e s s  resul t ing f r o m  the high vacuum sputtering technique has  
been documented. Considerable var ia t ion in the  s t r e s s  a c r o s s  the 33 crn s a m -  
ple mounting platen has  been observed.  F igu re  1 indicates the  var ia t ion in ce l l  
bow. This  var ia t ion i s  consistently observed and c o r r e l a t e s  with an  a symmet ry  
in the  high vacuum sputtering system.  It i s  believed that  the  cor re la t ion  m a y  
provide an  insight into the  cause  of the  s t r e s s  and a scheme for  reducing it. 

The quality of the  high vacuum sput tered f i lm f r o m  the  new machine 
indicated a p rob lem with absorpt ion and a n  evaluation was  conducted. The anal-  
y s i s  i s  d i scussed  in Section 2. One potential source  of the  problem has  been 
identified and cor rec t ions  a r e  being made  to  the  system.  





SECTION 2 

TECHNICAL DISCUSSION 

2. 1 S t r e s s  Analysis 

Experimental  cel l  curvature  ve r sus  cover sl ip thickness data was 
presented in Figure  2 of Quar te r ly  Report No. 4. Regression techniques have 
been used to obtain best  fit polynomials for the data. The f i r s t  and second 
order  best  fit  polynomials found a r e :  

where z i s  cel l  bow a s  measured  by the clamped end technique and d i s  cover-  
sl ip thickness. These fitted polynomials have not been forced to pas s  through 
the origin. The s t ra ight  line (1) i s  a good approximation for  the purpose of 
s t r e s s  calculation and i s  shown in Figure  2. This s t ra ight  line can be taken to  
represen t  the IPC high vacuum sputtered integral  covers l ip  resul ts .  

The maximum s t r e s s ,  Smax, in  the silicon of a solar  ce l l  s t r e s sed  
to radius r i s  approximately given by: 

E t 
S - 

2 s - - -  
max 3 r (1) 

where E s  i s  Young's modulus of silicon (1. 2 4  x 1 0 ~ 2  dynes/cm2 for  the (111) 
plane) and t i s  the silicon thickness. Radius of curvature  i s  re la ted to bow z 

as :  

where Q i s  the length of the curved edge (2 cm). Introduction of the experi-  
mental  data bes t  f i t  s t ra ight  line into (1) and ( 2 )  resu l t s  in the plot, shown in 
Figure  3, of maximum silicon s t r e s s  a s  a function of sl ip thickness. 

The peak s t r e s s  in silicon i s  presented in  pounds/square inch for  
comparison with the s t r e s s  found by others.  While it appears  the high vacuum 
sputtered f i lm i s  significantly strained, a direct  comparison with other data 
depends on the equation and constants chosen for  the calculation. 
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2. 2 High Vacuum Sputtered Coverslips 

Cover slipping was begun in the new beam sputtering production 
coverslipping machine during the quarter .  Thick integral coverslips were  to 
be obtained by cycling cells through 2 mi l  integral coverslipping productioii 
runs. When the f i r s t  200 hour run was completed, the Si02 indicated a sig- 
nificant yellowing. The cells were  removed and electr ical  tes t s  made. A sig- 
nificant decrease  in efficiency was found. In previous coverslipping runs,  a 
slight loss  in efficiency has been generally detected when an increase would be 
expected with the Ce02  coating. F o r  the f i r s t  200 hour run a significant loss 
(about 67%) in efficiency was measured. 

To determine the quality of the Si02,  an optical analysis has  been 
ca r r i ed  out on these and other samples. The light t ransmission of Si02 f i lms 
deposited on Corning No. 7740 fused s i l ica  i s  described for  ea r l i e r  runs,  a s  
wel l  a s  a sample f r o m  the production run. The technique i s  described in Ap- 
pendix A. 

F igures  4a, 4b and 4c display the t ransmission of a not particu- 
lar ly  good ear ly  114 micron thick f i lm (Run No. 11). Figure 4a covers  the 
VIS-UV range (800 to 190 mp) and i l lustrates  cer tain features of these films. 
Most noticeable i s  a broad absorption peak centered near  560 mp. This broad 
line dominates fi lm transmission throughout the visible region by producing a 
ra ther  flat shoulder in the 400 to 600 mp region. While the total  absorption of 
this broad line i s  ra ther  small ,  even in this case,  i t s  effect on ce l l  response 
would be quite large. (In Figure 5a, this 560 mp line i s  barely discernable.) 
There i s  a second small ,  broad absorption line at  -- 620 mp that cannot be r e -  
solved in Figure 4a. (It i s ,  again, barely discernable in Figure 5a.) In sam- 
ples like that of Run No. 11, the 560 and 620 mp lines merge  to give an absorb- 
ing shoulder. Absorption f rom the 620 m p  line has always been observed to be 
l e s s  than or  equal to that of the 560 mp line. Some samples suggest there i s  a 
third broad absorption line at  - 470 m p .  This line i s  barely apparent in Figure 
5a, and i s  lost  in the tailing of Figure 4a. 

These three lines a r e  probably due to metal  contamination f r o m  
stainless steel. Their  extreme width suggests that the impurity metals a r e  
conjugated with varying length chains of Si a toms o r  SiOZ molecules since a 
simple metal-Si species would be expected to produce sharp absorption lines, 
Identification of these lines i s  being pursued. 

Figures  5a and 5b a r e  the spectrum scans for an ea r l i e r  good 2 1  
micron f i lm (Run No. 16). F r o m  Figure 5a i t  i s  seen that there i s  some t rans-  
mission tailing in the 300 to 400 mp region even in a good film. The 300 to 400 
mp region of F igure  4a i s  seen to be heavily absorbing, but without apparent 
structure.  While it i s  possible that the Run No. 16 fi lm has a specific absorp- 
tion peak in this region, i t  i s  presently thought that this absorption ig due ei ther  
to the broadness of the SiOx absorption in the 200 to 300 mp region o r  to light 













scattering. Reflection measurements  that a r e  currently in progress  should 
allow a separation of these two effects. The absorption in the 200 to 300 mp 
region has been attributed to SiO, in the l i terature.  

Figures  4b and 5b a r e  the near-IR scans of Run No. 11 and Run No. 
J* 

16, respectively. .-To - 1000 rnp they a r e  quite similar.  Below this point, Fig- 
u r e  4b suggests a slight tailing that i s  not real ly  seen in Figure 5b. This could, 
again, be due to light scattering o r  to an unidentified specific absorption. In 
both Figures  4b and 5b, the large bands near  1400 mp and 1850 mp a r e  due to 
atmospheric absorption. (The spectrometer  was not purged with dry  N2.) The 
large bands near  2250 mp a r e  character is t ic  of fused silica. Figure 4c i s  an 
expanded t r ace  of the 2250 rnp band shown in Figure 4b. Beyond these,  there  
a r e  suggestions of absorption bands at  780 to 790 mp, 990 mp and 1280 mp. 
They a r e  a l l  smal l  and have not been identified. 

F igures  6a and 6b a r e  the scans of a poor - 58 micron fi lm f rom 
the production coverslipping machine. This fi lm was visibly brownish. (The 
brown film appearance in polychromatic light i s  due to heavy absorption of the 
blue end of the spectrum.) F r o m  Figure 6b, it i s  seen that a relatively heavy 
absorption extends throughout the ent i re  near-IR region. Superimposed on this 
a r e  the fine features seen in the Figure 4b and 5b t races .  Figure 6a shows this 
absorption tails rapidly ac ross  the VIS-UV region. The essentially flat absorp- 
tion shown in these last  two f igures  suggests either ser ious light scattering 
losses  o r  deposition of a thin meta l  f i lm, unassociated with the Si02,  a t  some 
level in the deposited slip. The cause fo r  this behavior i s  under investigation. 

I t  i s  readily seen that this run i s  quite poor in comparison to Run 
Nos. 1 1 and 16, and i s ,  in fact, completely unacceptable. Other production 
machine t e s t  runs,  of comparable f i lm thickness, have produced fi lms whose 
t ransmission falls between that of Run No. 16 and Run No. 1 1. 

I t  should be s t r e s sed  that these spectra  have been run f o r  purposes 
of f i lm analysis and quality control. The apparent t ransmission observed in the 
scans i s  l e s s  than would be observed on coverslipped cells,  since scat tered 
light i s  lost  f rom the spectrometer  measurements  while, due to the smal l  
spacing between the scattering centers  in the slip and the cell, some of the 
scat tered light would be absorbed in the cell. 

2. 3 Antireflection Coating 

Previous discussions in Quarter ly Technical P r o g r e s s  Report No. 
4 indicate the advantage of the use of Ce02 antireflecting coating between the 
silicon and Si02. This has been documented by IPC and the pertinent resul ts  
a r e  shown in F igure  7 which indicates the resul ts  of cells taken f rom two lots 
one-half of which were  antireflective coated with Ce02  and one-half coated with 
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Figure 7. Antireflection Coating Effectiveness 



SiOx. The data i s  summarized in Table 1. The resul ts  with coverslips were 
obtained by applying OCLI coverslips of Corning 7940 with GE RTV602. 

F o r  integral  coverslipped cells,  the improvement indicated above 
has not been consistently demonstrated. In general, the cells have changed 
little o r  slightly degraded on application of the coverslip. A large degradation 
recently observed due to optical absorption has been previously discussed, 

The standard glued cover slips have an antireflection coating of 

MgF2. This i s  a common coating in the optical industry to reduce reflection a t  
quartz  a i r  interfaces. An improvement in integral coverslipped solar  cells can 
be ottained by application of MgF2 to the SO2.  The theoretical improvement 
i s  indicated in Figure 8. Integral coverslipped cells have been coated with 
MgF2 with before and after e lectr ical  data l isted in Table 2. 

2. 4 Ultraviolet Vacuum Testing 

Another 100°C vacuum-UV tes t  was run during the quar te r  for  
560 hours. The equipment was described in Quarter ly Report No. 3. Eight 
cel ls  were  used for the test. Four  of the cells had integral coverslips of 2 mi l  
thickness and four had only the Ce02 antireflection coating. The resul ts  of the 
tes t  a r e  tabulated in Table 3. No measurement  degradation was evident. 

2. 5 Proton Resistance 

Quarter ly Report No. 4 provided information on the degradation 
f rom low energy protons of cells with exposed unsoldered contact bars  and 
indicated the necessity for  protecting the back surface contact. 

Protection of the contact bar  with solder can solve pa r t  of the prob- 
lem. Often with glued cover slips a region of the ce l l  i s  exposed between the 
contact bar  and cover glass. In application of an integral  cover glass  i t  i s  pos- 
sible to protect the cel l  with a coating that partially covers  the contact bar  r e -  
ducing the exposed gap to zero. 

An example of the degradation that can be expected f rom an exposed 
a r e a  i s  indicated in resul ts  f rom Air Force  Contract F33615- 68-C- 11 64, where 
a s t r ip  was exposed to 400 kV protons a s  shown in Figure 9. The resul ts  a r e  
shown in Table 4 and indicate a degradation in ce l l  efficiency, a slight improve- 
ment above 1013 p/cm2 in  the efficiency has been noted but complete recovery 
i s  neither achieved o r  expected. 



Table 1. Experimental  Data Summary 

Anti- 
reflected 
Cel ls  

Lot 254 (23 c e l l s )  
~ o t  255 (20 c e l l s )  
Both Lots (43 c e l l s )  
Lot 254 (23 ce l le l  

Bare  
Cel ls  

Conven- 
tlonally 
Cover-  
slipped 
C e l l s  

Isc ( m a )  

' 

blUX 

Average 

99.26 
101.20 
100. 16 

99.35 

I B 0 . 4 3  V ( m a )  

Leu8 

::% 
Fe%s 

Std Deviation 

1. 45 
1. 88 
2. 13 
1. 56 

Average 

93. 78 
94. 50 
94.12 
92. 87 

Lot 255 (20 c e l l s )  
Both Lots (43 c e l l s )  

Std Deviation 

1. 51 
1.73 
1. 64 
2.32 

Both Lots (43 c e l l a )  
Lot 254 (23 c e l l s )  
Lot 255 (20 c e l l s )  
Both Lots (43 c e l l s )  
Lot 254 (23 c e l l s )  
Lot 255 (20 c c l l s )  
Both Lots (43 c e l l s )  

100. 50 
99. 88 

All Ba re  Cel ls  (86 c e l l s )  

Both Lots (43 c e l l a )  

100. 02 
132.91 
135. 15 
133. 95 
136. 65 
137. 25 SiO, - . 
136. 93 
136. 52 
139. 60  
137.95 
132. 61 
133. I5  
132. 86 

1. 76 
1.73 

Lot 254 (23 ce l le l  
Lot 255 (20 c e l l s )  

1. 82 
1. 70 
2. 03 
2. 16 
2. 23 
1. 65 
1. 98 
1. 44 
1. 82 
2 .24 
2.44 
1. 53 
2. 07 

93. 65 
93.23 

2 .48 
2. 40 

93. 67 
125.30 
127.45 
126. 30 
127. 39 
129. 35 
128. 30 
129.26 
131.30 
130.21 
123.78 
125.45 
124. 56 

2. 09 
2.05 
1. 85  
2.22 
3. 06 
2. 13 
2. 82 
1. 68 
1. 98 
2. 08  
3. 38 
2.37 
3. 04 





Table  2 .  MgFZ Coating Resu l t s  

43, 2 x 2 c m  In tegra l  Covers l ip  Ce l l s  Tes ted  
Change a f t e r  
Application 

Ar i thmet ic  Mean Standard Deviation of MgF2 

I Before  
S C  

135 .8  m a  2 . 2  m a  

I After  
s C 1 138 .0  

IO.  43 Before  124. 3 ma 
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f MASK EXPOSES 0 . 0 2 0 "  STRIP  ON CONTACT BAR 

T 

P O S  
# 2  

MASK EXPOSES O . O ~ " S T R I P  NEXT TO CONTACT BAR 

T 
BUT ON CELL ACTIVE SURFACE 

POS 
t 3  

-- - - MASK EXPOSES 0 . 0 2 0  " S T R I P  0.5 cm FROM CONTACT BAR 
-n- - 

PO S 
#4 

MASK EXPOSES O . O ~ O " S T R I P  I .Ocm FROM CONTACT BAR ----- - - - - -  

Figure 9. Proton Strip Mask 



Table 4. Strip Irradiation Results 

Pro ton  F luence  (p / cm2)  h l o u n t ~ n g  
Block 

T e m p e r a t u r e  
Posi t lol i  
Number  , T e s t  

Rein 
Number  C e l l  

1 3 4 m a  1 3 5 m a  1 1 3 2 m a  1 3 3 m a  

128 m a  127 m a  121 m a  114 m a  

0. 548 V 0. 544 V 0. 538 V 0. 536 V 

10. 4% 10. 3% 9. 8% 9. 2% 

133 m a  134 m a  130 m a  130 m a  

129 m a  129 m a  122 m a  114 m a  

0 . 5 6 2 V  0 . 5 5 5 V  0 . 5 5 0 V  0 . 5 4 8 V  

LO. 4% 10. 4% 9. 9% 9. 270 

136 m a  137 m a  133 m a  134 m a  

128 m a  129 m a  122 m a  113 m a  

0. 551 V 0. 549 V 0. 546 V 0. 543 V 

lo. 4% lo. 4 %  9. 9% 9. 1% 

136 m a  136 m a  135 m a  

129 m a  125 m a  114 m a  

0. 553 V 0. 543 V 0. 536 V 

10.4% 10.1% 9 .2% 

136  m a  135 m a  134 m a  

128 m a  119 m a  I l l  m a  

0.549 V 0. 538 V 0. 533 V 

10.4% 9. 6% 9. 0% 

138 m a  1 3 6 m a  135 m a  

130 m a  125 m a  110 m a  

0. 551 V 0.543 V 0.537 V 

10. 570 10.1% 8.9% 

136  m a  134 m a  133 m a  

130 m a  1 1 8 m a  1 0 8 m a  

0. 553 v 

133 m a  

128 m a  

0.554 v 
10. 470 

1 3 4 m a  1 3 5 m a  

123 m a  114 m a  

0. 543 V 0. 538 V 

10.0% 9.2% 

132 m a  133 m a  

1 2 3 m a  l l b m a  

0. 545 V 0. 541 V 

lo. 0% 9. 5% 

1 3 6 m a  135 m a  

I22 m a  115 m a  

0.547 V 0. 544 V 

9. 9% 9. 3% 
. -- 



2. 6 Equipment 

The dc sput ter ing sy s t em has  been modified f o r  rf sputtering.  A 
7-inch si l icon cathode w a s  fabr ica ted  by bonding the  s i l icon to  a copper cooling 
plate with a conducting epoxy OHMEX- Ag. 

A 1 kW rf induction heating power supply was  coupled to  the sput- 
t e r ing  e lect rode.  Impedance matching was  not  accomplished and although a 
glow d i scharge  could be ini t iated,  insufficient voltage could be  obtained fo r  sig-  
nificant sputtering. 

Modifications in  the coupling s y s t e m  a s  we l l  as a voltage moni tor-  
ing s y s t e m  a r e  being made on th is  sys tem.  The s i l icon cathode is t empora r i l y  
being rep laced  with a qua r t z  cathode unt i l  the s y s t e m  p rob l ems  a r e  resolved.  

In addition to  modification to  exist ing equipment,  an evaluation of 
comme  rc ia l ly  available sput ter ing equipment i s  being conducted. 





SECTION 3 

FUTURE PLANS 

Work will continue on deposition techniques fo r  producing thick 
in tegral  cover  sl ips.  Equipment p rob lems  should be essent ia l ly  solved on both 
the high vacuum sputtering sy s t em and rf sputtering system.  It i s  anticipated 
that  a decision will be  made  next q u a r t e r  on the  company acquisi t ion of a new 
rf sputtering sy s t em to support  the  react ive  sputtering work. 

E lec t ron  i r rad ia t ions  of the cover  g l a s s  samples  used in the optical  
analys is  a r e  scheduled for  the  next qua r t e r .  





APPENDIX A 

OPTICAL ANALYSIS TECHNIQUE 

Transmiss ion  s amp le s  w e r e  p r epa red  on 1 x 2 c m  by 1/32 inch 
thick s i l ica  microscope  s l ides  that  w e r e  mounted in the  s a m e  manne r  (si l icone 
g r e a s e  o r  t ape )  a s  the  cel ls .  The SiOZ f i lm thickness  was  in fe r red  f r o m  the  
cover  s l ip  th ickness  of ce l l s  surrounding the  t r ansmis s ion  samples .  The t r a n s -  
m i s s ion  data was  taken on a Ca ry  Model 14 spectrophotometer  operated in the  
double beam mode with an  uncoated piece (1/32 inch th ick)  of Corning No. 7740 
fused s i l ica  in the re fe rence  beam.  The ins t rument  was  balanced to 1000/0 T 
( t r ansmis s ion )  with another piece (1/32 inch th ick)  of fused s i l ica  in the sample  
compartment .  F o r  both t he  VIS-UV and t h e  near-IR por t ions  of t he  spec t rum,  
the  100% T was s e t  a t  800 mp. 

In o r d e r  to min imize  light scat ter ing effects in the  VIS-UV portion 
of the  spec t rum,  the  samples  w e r e  mounted against  the  end of t he  ce l l  holder 
n e a r e s t  the  phototube. To min imize  reflection l o s s  di f ferences  between the  
coated samples  and the  blank, the  s amp le s  w e r e  mounted with t he  deposited 
f i lm facing the  phototube. After  the  data was  taken,  i t  was  rea l ized  that  th is  
mounting position maximizes  light sca t te r ing  and reflection l o s s  (if p r e s e n t )  
effects in the  near-IR region s ince  the  light path through the  ins t rument  i s  r e -  
ve r sed  for  th is  region. This  e r r o r  accounts for  the  1-370 lower t r ansmis s ion ,  
a t  800 mp,  of the near-IR scans  a s  compared  to the  VIS-UV scans.  The dif- 
fe rence  i s  probably a l l  due to light scat ter ing s ince  the  re f rac t ive  index of high 
vacuum sput tered S i02  has  been found to  be identical,  within exper imental  e r r o r  
to that  of bulk fused silica. (This  would cause  reflection l o s s  di f ferences  to  be  
minimal .  ) 
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